A cDNA was isolated from mouse testis which encodes a Na ؉ -dependent neutral amino acid transporter. The encoded protein, designated ASCT2, showed amino acid sequence similarity to the mammalian glutamate transporters (40 -44% identity), Na ؉ -dependent neutral amino acid transporter ASCT1 (57% identity; Arriza, J. was typical of amino acid transport system ASC, which prefers neutral amino acids without bulky or branched side chains. ASCT2 also transported L-glutamate at low affinity (K m ‫؍‬ 1.6 mM). L-Glutamate transport was enhanced by lowering extracellular pH, suggesting that L-glutamate was transported as protonated form. In contrast to electrogenic transport of glutamate transporters and the other ASC isoform ASCT1, ASCT2-mediated amino acid transport was electroneutral. Na ؉ dependence of L-alanine uptake fits to the Michaelis-Menten equation, suggesting a single Na ؉ cotransported with one amino acid, which was distinct from glutamate transporters coupled to two Na ؉ . Northern blot hybridization revealed that ASCT2 was mainly expressed in kidney, large intestine, lung, skeletal muscle, testis, and adipose tissue. Functional characterization of ASCT2 provided fruitful information on the properties of substrate binding sites and the mechanisms of transport of Na ؉ -dependent neutral and acidic amino acid transporter family, which would facilitate the structure-function analyses based on the comparison of the primary structures of ASCT2 and the other members of the family.
provided fruitful information on the properties of substrate binding sites and the mechanisms of transport of Na ؉ -dependent neutral and acidic amino acid transporter family, which would facilitate the structure-function analyses based on the comparison of the primary structures of ASCT2 and the other members of the family.
Amino acid transport across plasma membrane is essential to supply cells with amino acids for cellular metabolism. It is mediated via membrane proteins called carriers or transporters, which are responsible for the translocation of amino acid substrates from one side of the membrane to the other. In epithelial tissues such as kidney and intestine, the carriermediated transport is developed to ensure the vectorial transport of amino acids through epithelial cells (1) (2) (3) . In brain, transporters for amino acids and related neurotransmitters function to terminate synaptic transmission and to protect neurons from the toxicity of excitatory amino acids (4 -6) . In the past, a large number of amino acid transport systems in mammals were distinguished based on differences in substrate selectivity and ion dependence using membrane vesicle preparations or cultured cells (7) . They include groups of Na ϩ -dependent amino acid transporters that utilize free energy stored as Na ϩ electrochemical potential gradient across plasma membrane for the uphill transport of amino acids (3) . The Na ϩ -dependent transporters play a central role in the amino acid mobilization in animal body because of their ability to transport amino acids against concentration gradient (7) . The Na ϩ -dependent amino acid transport systems include: system A, originally found in ascites carcinoma cells, which transports neutral amino acids with broad substrate selectivity and accepts N-methyl amino acids such as ␣-(aminomethyl)isobutyric acid (MeAIB) 1 (8) ; system B, situated on brush border membrane of epithelia, which also transports neutral amino acids with broad substrate selectivity but dose not accept N-methyl amino acids (3); system ASC, present ubiquitously, which prefers neutral amino acids without bulky or branched side chains (9) ; system X AG Ϫ , mainly found in brain and epithelial tissues, which transports acidic amino acids (10) ; system B 0,ϩ , described in blastocysts, which transports basic and neutral amino acids in a Na ϩ -dependent manner (7); and ␤-system, which transports ␤-amino acids such as ␤-alanine (7) .
Recently molecular cloning approaches have been applied to reveal the molecular nature of those Na ϩ -dependent transport systems (11) . By now two Na The first is the neurotransmitter transporter family, which includes transporters for most of the neurotransmitters and neuromodulators such as ␥-aminobutyric acid, noradrenaline, dopamine, serotonin, glycine, and proline (12) . The transport of substrates in this family is dependent not only on Na ϩ but also on Cl Ϫ . The transporters for osmolytes taurine and betaine in kidney medulla also belong to this family (13, 14) . The second family is the glutamate transporter family, which includes four isoforms of glutamate transporters with the properties of acidic amino acid transport system X AG Ϫ (5, 15) . The transport of glutamate is coupled to the co-transport of two Na ϩ and counter-transport of one K ϩ and one OH Ϫ (or HCO 3 Ϫ ) (5, 16, 17) . Na ϩ -dependent neutral amino acid transporter ASCT1 (also named SATT in Ref. 18 ), which has been isolated from human brain and has system ASC-like characteristics, has a structure related to glutamate transporters (18, 19) .
Despite the accumulated knowledge on the functional properties and tissue distribution of expression for the members of the glutamate transporter family including ASCT1 (5, (17) (18) (19) (20) (21) (22) (23) (24) (25) , little information is available on the structures responsible for the binding and translocation of substrates and on the mechanisms of the drive of the transport by inorganic ions. In order to study the relationship between structure and function of proteins, the comparison of primary structures between related proteins usually yields useful information. For transporters, the comparison of the family members that have different substrate selectivity, ion coupling stoichiometry, or kinetic properties would provide important insights into the substrate binding sites and the mechanisms of the transport. Toward this end, we have searched for new members of glutamate transporter family by performing reverse transcription polymerase chain reaction (PCR) using degenerative oligonucleotide primers designed on well conserved amino acid sequences between family members. We report that, from mouse testis where massive amino acid transport is thought to be required for continuous cell division and proliferation, we have isolated a new system ASC-like Na ϩ -dependent neutral amino acid transporter, which is structurally related to glutamate transporters yet exhibits distinct functional properties.
EXPERIMENTAL PROCEDURES
PCR and cDNA Cloning-For PCR amplification, first strand cDNA was synthesized from 1 g of poly(A) ϩ RNA purified from adult Jcl:ICR mouse testis using oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Life Technologies, Inc.) as a primer and subjected to PCR with Taq polymerase described by the manufacturer (Perkin-Elmer). Synthetic oligonucleotide primers 5Ј-GC(A/C/G/ T)(A/G)TITTCAT(A/C/T)GC(A/C/G/T)CA-3Ј and 5Ј-A(A/C/G)(A/C/G/ T)A(A/G/T)CCA(A/G)TCIACIGC-3Ј were synthesized based on the amino acid sequences A(V/I)FIAQ (corresponding to residues 378 -383 of rabbit EAAC1; Ref. 20) and AVDW(L/F/I)(L/V) (corresponding to residues 438 -443 of rabbit EAAC1), which are conserved between glutamate transporters EAAC1 (rabbit) (20) , GLAST (rat) (22) , and GLT-1 (rat) (21) and a neutral amino acid transporter ASCT1 (human) (18, 19) . Amplification condition was 3 cycles of 94°C for 10 s, 40°C for 1 min, and 65°C for 2 min; 30 cycles of 94°C for 10 s, 55°C for 1 min, and 72°C for 1 min; and a final extension of 4 min at 72°C. The PCR products (ϳ0.2 kb) were cloned into pCRII vector (Invitrogen, CA) and sequenced using dideoxy chain termination method. The insert was excised from the vector with EcoRI, labeled with [ 32 P]dCTP ( T7 Quick Prime, Pharmacia Biotech Inc.) and used as a probe for screening a cDNA library. A directional cDNA library was prepared from mouse testis poly(A) ϩ RNA using the Superscript Lambda system (Life Technologies, Inc.). cDNA was ligated to ZipLox SalI/NotI arms (Life Technologies, Inc.). Screening cDNA library and isolation of positive plaques were performed as described elsewhere (26) with minor modifications. Hybridization was in 50% formamide at 37°C. Filters were washed at 37°C in 0.1 ϫ SSC (1 ϫ SSC ϭ 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.0), 0.1% SDS (sodium dodecyl sulfate). cDNAs in positive ZipLox phages were rescued into plasmid pZL1 by in vivo excision following manufacturer's instruction (Life Technologies, Inc.). For sequencing, cDNA inserts were subcloned into EcoRI and HindIII sites of pBluescript II SK Ϫ (Stratagene, CA). cDNA inserts and cDNA fragments obtained by exonuclease III-dependent deletion using a KiloSequence Deletion kit (Takara Shuzou, Japan) were sequenced in both direction by dideoxy chain termination method using Sequenase 2.0 (Amersham Corp.).
Functional Characterization by Xenopus Oocyte Expression-cRNA was obtained by in vitro transcription using T7 RNA polymerase from cDNAs in pZL1 linearized with HindIII (20) . Xenopus oocyte expression studies and uptake measurements were performed as described (20) with minor modifications. The uptake of L-[
14 C]alanine and other amino acids were measures 2-3 days after injection of cRNA (20 ng/oocyte). Groups of 6 -8 oocytes were incubated in 500 l of standard uptake solution (100 mM NaCl, 2 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 5 mM Tris, pH 7.4) containing 0.25-3.0 Ci of radiolabeled compounds. For the uptake solutions with varied Na ϩ concentration, NaCl in the standard uptake solution was replaced totally or partially by choline-Cl. For the uptake media without Cl Ϫ , Cl Ϫ in the standard uptake solution was replaced by nitrate or acetate anions. To prepare uptake media with varied pH for pH dependence experiments, Tris, PIPES, and MES were used instead of HEPES for pH 8.5, 6.5, and 5.5 solutions, respectively (27) . Preliminary experiments to determine the time course of L-[ 14 C]alanine (100 M) uptake into oocytes expressing ASCT2 indicated that the uptake was linearly dependent on incubation time up to 60 min (data not shown), so for all the following experiments uptakes were measured for 30 min and the values were expressed as pmol/oocyte/min.
K m and V max of amino acid substrates were determined using EadieHofstee equation based on the ASCT2-mediated amino acid uptakes measured at 1, 3, 10, 20, 30, 60, 100, and 300 M for L-alanine, L-serine, L-threonine, L-cysteine, and L-glutamine; at 10, 30, 100, 300, 1000 and 3000 M for L-methionine, L-glycine, L-leucine, and L-valine; or at 100, 300, 1000, 3000, and 5000 M for L-glutamate. The ASCT2-mediated amino acid uptakes were calculated as differences between the mean of uptakes into the oocytes that had been injected with ASCT2 cRNA and that of the control oocytes injected with water.
The experiments in which cysteine was used were performed in the presence of 0.1 mM dithiothreitol in the uptake medium (18) . In the separate experiment, it was confirmed that 0.1 mM dithiothreitol itself did not affect the L-alanine uptake.
Radiolabeled amino acids used for uptake experiments were For the uptake measurements in the present study, six to eight oocytes were used for each data point. Each data point in the figures represents the mean Ϯ S.E. of uptake (n ϭ 6 -8) unless otherwise noted. To confirm the reproducibility of the results, three separate experiments were performed for each measurement except K m and V max determination (see Table I ). Results from the representative experiments are shown in figures.
Northern Analysis-RNA was prepared from tissues of 4 -5-week-old male Jcl:ICR mouse by guanidinium isothiocyanate method using cesium-trifluoroacetic acid (Pharmacia) following the manufacturer's instructions (28) . Adipose tissue RNA was obtained from perirenal fat of 7-10-week-old mouse. Poly(A) ϩ RNA (3 g/lane) selected by oligo(dT)-cellulose chromatography (Pharmacia) was separated on a 1% agarose gel in the presence of 2.2 M formaldehyde and was blotted onto a nitrocellulose filter (Schleicher & Schuell). ASCT2 cDNA (clone 6) insert was excised from pZL1 and labeled with 32 P using a T7 Quick Prime kit (Pharmacia). Hybridization was for 20 h at 42°C. The hybridization solution contained 5 ϫ SSC, 3 ϫ Denhardt's solution, 0.2% SDS, 10% dextran sulfate, 50% formamide, 0.01% Antifoam B (Sigma), 0.2 mg/ml denatured salmon sperm DNA (Wako, Japan), 2.5 mM sodium pyrophosphate, and 25 mM MES), pH 6.5. The filters were washed in 0.1 ϫ SSC, 0.1% SDS at 65°C (28).
RESULTS
cDNA Cloning-A PCR product that was distinct from glutamate transporters EAAC1 (20) , GLAST (22) , and GLT-1 (21) and neutral amino acid transporter ASCT1 (18, 19) was obtained by PCR amplification of mouse testis first strand cDNA. Using the PCR product as a probe, 16 positive clones were isolated by screening 240,000 plaques from a mouse testis cDNA library. 5Ј-and 3Ј-end sequencing and the com-parison of restriction enzyme cleavage patterns indicated that all 16 clones were identical except the extension of their 5Ј-ends varied. The longest cDNA (clone 6) was used for all further studies.
Structural Properties of ASCT2-Clone 6 contained a 2681-base pair cDNA insert. Nucleotide sequencing revealed an open reading frame from nucleotide 495-2153 encoding a 553-residue protein, which we named ASCT2 (ASC transporter 2) because of the functional properties of the encoded protein. The start of the coding sequence was defined by the first ATG downstream of the in-frame stop codon and the surrounding sequences (CAGCATGG) corresponding to Kozak consensus translation initiation sequence (29) . The cDNA includes a poly(A) tail (22 As), which starts 20 nucleotide downstream from a typical polyadenylation signal AATAAA at the nucleotide 2640.
The ASCT2 amino acid sequence exhibited remarkable sequence identity to the Na ϩ -dependent neutral amino acid transporter ASCT1 (57%) (Fig. 1 ). ASCT2 also showed the significant sequence identity to glutamate transporters EAAC1 (44%), GLAST (42%), EAAT4 (41%), and GLT-1 (40%) (Fig. 1) . A recent sequence search of the GenBank/EMBL data base identified a closely related sequence AAAT (94% identity at amino acid level), which was isolated from mouse adipocytes as a gene up-regulated during adipocyte differentiation (30) .
As shown in Fig. 2 , Kyte-Doolittle hydropathy analysis (31) revealed multiple hydrophobic regions. The protein contained six prominent hydrophobic domains up to residue 340 (hydrophobic domains 1-6 in Fig. 2 ), a small hydrophobic peak at residue ϳ360 (hydrophobic domain 7), and a long hydrophobic stretch (residues ϳ390-ϳ480, LHS in Fig. 2 ). This pattern of hydropathy was quite similar to those of ASCT1 and glutamate transporters (5). Prediction of secondary structure of the putative protein by the procedure of Chou and Fasman (32) (31) . Hydrophobic peaks that seem to correspond to membrane-spanning regions are numbered. ASCT2 has a long hydrophobic stretch (LHS), which is characteristic of glutamate transporters (5) . Abscissa indicates amino acid number. Ordinate is hydropathy (Kyte-Doolittle).
FIG. 1. Sequence alignment of Na
؉ -dependent neutral and acidic amino acid transporter family. The deduced amino acid sequence of mouse ASCT2 is shown aligned with neutral amino acid transporter ASCT1 (human) and glutamate transporters EAAC1 (rabbit), GLAST (rat), GLT-1 (rat), and EAAT4 (human). ASCT2 exhibits 57% identity at amino acid level to ASCT1 and 40 -44% to glutamate transporters. Residues identical between at least two sequences are shaded. N-Linked glycosylation sites are predicted at residues 165 (NDS) and 228 (NST) in ASCT2. ASCT1 and glutamate transporters have two N-glycosylation sites at positions corresponding to the latter N-glycosylation site of ASCT2 (i.e. NSS at 221 and NVT at 226 for ASCT1). In ASCT2, potential PKC-dependent phosphorylation sites are located at residues 17, 18, 31, 215, and 341. Neutral amino acid transporters ASCT2 and ASCT1 lack the PKC-dependent phosphorylation site, which is conserved between glutamate transporters ((S/T)X(K/R) at 123). Numbers indicated above aligned sequences and in the legend for Fig. 1 refer to the amino acid sequence of ASCT2. In AAAT, which is closely related to ASCT2, VAVDSSRRC (residues 13-21 of ASCT2), L (131), FLVTTLLASALGVGLALALKP (134 -154), and A (181) were replaced by SSGGFHRNGG, L, PGHHTARVGARRGFGPGAEA, and V, respectively. cated that distinct hydrophobic domains 1-6 contained ␣-helical and/or ␤-sheet structures, whereas random structures were more predominant in the hydrophobic domain 7 and the long hydrophobic stretch except a relatively long ␣-helical structure at the end of the hydrophobic stretch (data not shown). ASCT2 had two predicted N-glycosylation sites at residues 165 and 228, which were in the long hydrophilic domain situated between hydrophobic domains 3 and 4. Several protein kinase C (PKC)-dependent phosphorylation sites were predicted in the ASCT2 primary structure (see Fig. 1 legend) . A leucine zipper-like motif, which was predicted in ASCT1 (18), was not found in ASCT2.
Transport Activity and Substrate Selectivity-In order to determine the function of ASCT2, ASCT2 was expressed in Xenopus laevis oocytes. Because the amino acid sequence of ASCT2 was similar to that of the neutral amino acid transporter ASCT1, L-[ 14 C]alanine uptake was measured. As shown in Fig. 3a , Xenopus oocytes injected with ASCT2 cRNA exhibited L- [ 14 C]alanine uptake to 20 -30 fold above that of waterinjected control oocytes. The uptake was at the control level in Na ϩ -free medium (1.14 Ϯ 0.03 of control uptake, mean Ϯ S.E. of 3 separate experiments), indicating that ASCT2-mediated transport was totally Na ϩ -dependent (Fig. 3a) . The L-alanine uptake was concentration-dependent and saturable (Fig. 3b) .
The substrate selectivity of ASCT2-mediated uptake was first examined by the inhibition experiments in which 10 M L-[ 14 C]alanine uptake was measured in the presence of 1 mM non-radiolabeled amino acids or related compounds. As Fig. 4a shows, L-alanine uptake was strongly inhibited by L-serine, L-threonine, L-cysteine, L-glutamine, and L-asparagine. Weaker inhibition was observed for L-methionine, L-leucine, L-glycine, and L-valine. L-Isoleucine, L-phenylalanine, L-tyrosine, L-proline, L-histidine, and L-cystine exhibited little or no inhibition. Basic amino acid L-lysine and the N-methylamino acids such as N-methylalanine and MeAIB (7) did not inhibit L-alanine uptake. Acidic amino acid L-glutamate slightly but reproductively inhibited L-alanine uptake.
Among the amino acids used for inhibition experiments, selected amino acids were further tested for uptake measurements (Fig. 4b) . Consistent with the inhibition experiments,
thionine, L-leucine, L-glycine, and L-valine were transported by ASCT2, whereas L-cystine, MeAIB, and ␣-methyl-D-glucopyranoside (a substrate for Na ϩ -dependent glucose transporters; Refs. 33 and 34) were not transported by ASCT2. L-Glutamate was also transported by ASCT2. As Table I shows, L-alanine, L-serine, L-threonine, L-cysteine, and L-glutamine exhibited high affinity (K m ϭ ϳ20 M) to ASCT2. L-Methionine, L-leucine, L-glycine, and L-valine were transported at low affinity (K m ϭ ϳ300 to ϳ500 M). Although it was at even lower affinity, L-glutamate was accepted as a substrate. ASCT2-mediated transport exhibited the almost identical V max values for both high affinity and low affinity substrates except L-cysteine whose V max was ϳ10 times lower than those of the other substrates (Table I) .
Stereoselectivity of ASCT2-mediated transport was examined by the inhibition experiment in which 10 M L-[ 14 C]alanine uptake was measured in the presence of 1 mM non-radiolabeled D-amino acids. As Fig. 5 shows, D-alanine, D-glutamine, and D-asparagine had little or no effect on L-alanine uptake (88.0 Ϯ 4.9%, 100.3 Ϯ 7.1%, and 90.7 Ϯ 2.9% of the uptake in the absence of D-isomers, respectively: mean Ϯ S.E. of 3 separate experiments). D-Serine, D-threonine, and D-cysteine exhibited significant inhibition on the L-alanine uptake (42.7 Ϯ 8.2%, 29.3 Ϯ 4.3%, and 69.0 Ϯ 4.6%, respectively; mean Ϯ S.E. of 3 separate experiments).
pH Dependence of ASCT2-mediated Transport-As Fig. 6 shows, the uptake of L-glutamate in the oocytes that expressed ASCT2 was dependent on extracellular pH. The Lglutamate transport was larger in the acidic medium than in the medium with neutral or higher pH. The L-glutamate transport was totally Na ϩ -dependent at each pH (data not shown). Furthermore, the uptake of L-glutamate (1 mM) was inhibited by L-alanine (5 mM) a substrate of ASCT2 to 22.1 Ϯ 3.5%, 19.2 Ϯ 3.2%, 23.1 Ϯ 2.4%, and 17.1 Ϯ 1.9% (mean Ϯ S.E. of 3 separate experiments) of that measured in the absence of L-alanine, at pH 5.5, 6.5, 7.5, and 8.5, respectively, confirming that L-glutamate uptake was mediated by ASCT2 at each pH. In contrast, the transports of L-alanine, L-serine, and L-glutamine showed little pH dependence or even increased at higher pH (Fig. 6) .
Ion Dependence of ASCT2-mediated Transport- Fig. 7 shows dependence of L-alanine uptake on Na ϩ concentration of extracellular medium. L-Alanine uptake fit well to the MichaelisMenten curve. The Hill coefficient was 1.1 Ϯ 0.18 (mean Ϯ S.E. of 3 separate experiments). The K m value for Na ϩ was calculated to be 5.7 Ϯ 1.0 mM (mean Ϯ S.E. of 3 separate experiments).
The dependence of ASCT2-mediated transport on K ϩ and Cl Ϫ was examined by changing K ϩ or Cl Ϫ concentration in the uptake medium (Fig. 8) . The L-alanine uptake was inhibited by increasing K ϩ concentration in the medium (66.7 Ϯ 3.4% at 90 mM K ϩ compared to 0 mM K ϩ ; mean Ϯ S.E. of 3 separate experiments). The L-alanine uptake was not affected by replacing extracellular Cl Ϫ by nitrate (98.3 Ϯ 5.4% compared to standard medium; mean Ϯ S.E. of 3 separate experiments) or acetate anions (95.7 Ϯ 2.9%).
Electrogenicity of ASCT2-The application of substrates of ASCT2 such as L-alanine, L-serine, L-threonine, L-cysteine, Lglutamine, and L-asparagine (up to 1 mM) did not induce significant current on the oocytes that expressed ASCT2 (data not shown). In the same batch of ASCT2-expressed oocytes, the L-alanine (100 M) uptake was 21.3 Ϯ 2.9 pmol/oocyte/min for which 34.3 nA of inward current would be expected based on Faraday's constant if we suppose one net positive charge was translocated with one L-alanine. The negatively charged amino acid L-glutamate did not induce electric current either (tested up to 5 mM).
Tissue 
FIG. 6. pH dependence of amino acid transports in ASCT2.
The uptakes of L-glutamate, L-alanine, L-serine, and L-glutamine into the oocytes that expressed ASCT2 were measured in the media with varied pH (5.5-8.5). Glutamate uptake was larger in the acidic medium than in the medium with neutral or higher pH, whereas such a pH dependence was not observed for the L-alanine, L-serine, and L-glutamine. The concentration of amino acids were 1 mM for L-glutamate and 10 M for L-alanine, L-serine, and L-glutamine.
ing band at 2.7 kb was detected in lung, skeletal muscle, large intestine, kidney, testis, and adipose tissue (Fig. 9) . The signal was not detected in brain, liver, heart, or small intestine. The band at 2.7 kb is in agreement with the size of the insert of clone 6 (2681 base pairs), indicating that clone 6 corresponds to almost full length of ASCT2 mRNA.
DISCUSSION
The Na ϩ -dependent neutral amino acid transporter ASCT2 is structurally related to glutamate transporters (15, 20 -22) and neutral amino acid transporter ASCT1 (18, 19) . Cloning of ASCT2, following the isolation of ASCT1, has established a Na ϩ -dependent neutral amino acid transporter subfamily. The glutamate transporter family has now been expanded to a superfamily of transporters for neutral and acidic amino acids (Na ϩ -dependent neutral and acidic amino acid transporter family).
Hydropathy analysis of ASCT2 revealed a pattern of hydrophobicity similar to those of glutamate transporters and neutral amino acid transporter ASCT1 with a characteristic long hydrophobic stretch situated in the C-terminal half of the protein (LHS in Fig. 2 ). Because the amino acid sequence in this region is highly conserved between family members, it has been proposed that this part of the protein contains structures responsible for the binding and translocation of substrates (5). ASCT2 has two predicted N-linked glycosylation sites in the long hydrophilic domain situated between hydrophobic domain 3 and 4 (see Fig. 1 legend and Fig. 2) . In glutamate transporters and neutral amino acid transporter ASCT1, N-linked glycosylation sites are also predicted in the region even though the amino acid sequences are not conserved (corresponding to ϳ210 to ϳ240 of ASCT2 sequences in Fig. 1) (5, 15, 18, 19 ). In fact, N-linked glycosylation has been demonstrated in glutamate transporters EAAC1, GLAST, and GLT-1 (22, 23, 35) . Therefore, it is highly possible that this hydrophilic loop is situated extracellularly in ASCT2 as in the other members of the family.
In glutamate transporters, a PKC-dependent phosphorylation site is conserved at a position between predicted membrane-spanning domains 2 and 3 (corresponding to position 123 of ASCT2 sequence; Fig. 1) (5) . The phosphorylation at this site was shown to be responsible for the phorbol ester-induced increase in V max of glutamate transport in GLT-1 (36) . This phosphorylation site is not conserved for neutral amino acid transporters ASCT2 and ASCT1 (Fig. 1) . To our knowledge, it has not been reported whether phorbol ester simulates the activity of system ASC to which ASCT2 and ASCT1 belong as discussed below. Whether amino acid transports mediated by ASCT2 and ASCT1 are altered by PKC-dependent phosphorylation is an interesting subject not only for the regulation of function but also for the structure-function relationship of the family.
The substrate selectivity and inhibitor sensitivity of ASCT2 
FIG. 9.
Tissue distribution of expression of ASCT2 mRNA. a, high stringency Northern hybridization analysis using a ASCT2 probe (see "Experimental Procedures") were performed against poly(A) ϩ RNA (3 g) from mouse tissues. A single hybridizing band at 2.7 kb was detected in lung, skeletal muscle, large intestine, kidney, and testis. b, in a separate blot, ASCT2 expression in adipose tissue was compared with that in lung.
suggests that the binding site of ASCT2 easily accepts neutral amino acids without bulky or branched side chains. The presence of two ␥-carbons (L-valine and L-isoleucine) or two ␦-carbons (L-leucine) severely reduce the affinity to ASCT2 (Table I and Fig. 4a) . The presence of ␤-carbon seems to be necessary to be stabilized in the amino acid binding site, because L-glycine, which lacks ␤-carbon, did not show high affinity (Table I) . L-Cysteine behaves more like an inhibitor than a substrate of ASCT2 because L-cysteine exhibited strong inhibition on Lalanine uptake (Fig. 4a) , whereas it showed the low V max value (Table I) . Comparing L-cysteine, which has an SH-group on the ␤-carbon, with L-serine, which has an OH-group at the same position and exhibited a high V max value, it is conceivable that the SH-group may interfere with the transport processes such as translocation of the substrate although it does not affect the binding itself.
It was reported that ASCT1, which is structurally related to ASCT2, transported L-alanine, L-serine, L-threonine, L-cysteine, and L-valine, whereas it did not transport L-glutamine, L-asparagine, L-methionine, L-glycine, L-leucine, or L-glutamate (18, 19) . ASCT2, therefore, exhibits similar but broader substrate selectivity. It is suggested that ASCT2 has a substrate binding site wider in space, compared to ASCT1, enough to be able to accept amino acids with longer side chains such as L-glutamine and L-methionine.
ASCT2 transports acidic amino acid L-glutamate at low affinity (Table I) . The V max for L-glutamate is almost identical to the other substrates, indicating that L-glutamate is transported in a same manner as neutral amino acid substrates once it binds to the amino acid binding site of ASCT2. The fact that the amino acid binding site of ASCT2 is able to accept L-glutamate suggests that the neutral amino acid transporter ASCT2 has a substrate binding site with a similar spatial profile to those of glutamate transporters. LGlutamine, which has a carbamoyl group at the ␥-carbon, is a high affinity substrate of ASCT2, while L-glutamate, which has a negatively charged carboxyl group at the same position, is a high affinity substrate of glutamate transporters. Therefore, it is conceivable that the binding sites of glutamate transporters contain amino acid residues that interact with the negative charge of the side chain of substrates whereas that of ASCT2 does not. The existence of such residues could explain the difference in substrate selectivity between glutamate transporters and neutral amino acid transporter ASCT2, both of which are supposed to have substrate binding sites with similar spatial profiles.
The pH dependence of amino acid transports provides an additional insight into the properties of the amino acid binding site. As Fig. 6 shows, the uptake of L-glutamate was enhanced by lowering pH of uptake medium, whereas the transports of L-alanine, L-serine, and L-glutamine did not exhibit such pH dependence. Therefore, the existence of a carboxyl group in the side chain of amino acid substrates appears to be responsible for the pH dependence of L-glutamate. It is suggested that, in ASCT2, L-glutamate is transported by being protonated at the carboxyl group. ASCT2, after all, contains an amino acid binding site, which accepts amino acids as electrically neutral forms. It was in fact reported that anionic amino acids such as cysteate and cysteine sulfinate were transported at low pH (pH Ͻ 6) by amino acid transport system ASC (37) in which ASCT2 is classified, as discussed below.
Although ASCT2-mediated transport is stereoselective, Disomers of serine, threonine, and cysteine that have OH-or SH-group significantly inhibited L-alanine uptake (Fig. 5) . The reason for the less stereoselective nature of these amino acids is not clear; however, it seems that the OH-or SH-group in the side chains of the D-isomers interacts with the amino acid residues in the binding site, which are supposed to bind to carboxyl group at the ␣-carbon of substrates so that the Disomers can fit to the binding site for L-amino acids by rotating themselves. As for glutamate transporters, both L-and D-aspartate are high affinity substrates, whereas glutamate transporters are highly stereoselective for glutamate (5) . D-Aspartate may fit to the binding site for L-amino acids by rotating itself with its carboxyl group in the side chain placing at the space originally for the carboxyl group at the ␣-carbon. DGlutamate, which has a longer side chain, however, cannot fit to the binding site even if it rotates.
The transport of neutral amino acids mediated by ASCT2 is not electrogenic (see "Results"). Glutamate transporters are electrogenic because glutamate transport is coupled to the cotransport of 2Na ϩ and countertransport of K ϩ and OH Ϫ (5, 16, 17) . If the same ion coupling stoichiometry were applicable to ASCT2, the inward currents should be expected by the application of substrates. Na ϩ dependence of L-alanine uptake fits well to Michaelis-Menten curve (Fig. 7) , so it is suggested that the transport of a single Na ϩ is coupled to the transport of a substrate amino acid. L-Alanine transport is inhibited by raising extracellular K ϩ concentration in ASCT2 (Fig. 8a) , suggesting that amino acid transport is coupled to the countertransport of K ϩ in ASCT2 as in glutamate transporters (5, 16) . In addition, ASCT2 is not coupled to the transport of Cl Ϫ (Fig. 8b) . Therefore, for the neutral amino acid transport via ASCT2 to be electroneutral, the most probable stoichiometry is one neutral amino acid cotransported with one Na ϩ and countertransported with one K ϩ . The glutamate transport via ASCT2 is also electroneutral (see "Results"). This is consistent with the hypothesis that glutamate is transported as a electrically neutral form by being protonated (see above). It was suggested that two Na ϩ binding sites of glutamate transporters have different affinity for Na ϩ (17, 38) . The low K m for Na ϩ in ASCT2 (5.7 mM) lets us speculate that ASCT2 has a Na ϩ binding site corresponding to the high affinity site of glutamate transporters. It was hypothesized that one of the Na ϩ binding sites of glutamate transporters carries K ϩ in the relocation step (17) . This Na ϩ binding site may be the high affinity site that glutamate transporters and ASCT2 are thought to have in common. Although ASCT2 and glutamate transporters belong to the same family, they exhibit different stoichiometries of ion coupling. ASCT1 was reported to be electrogenic (19) , so its stoichiometry will be even more different. This would be understandable when considering high affinity Na ϩ /glucose cotransporter SGLT1 couples to two Na ϩ , whereas closely related low affinity Na ϩ /glucose cotransporter SGLT2 couple to one Na ϩ (34, 39) . The substrate selectivity of ASCT2 is similar to that of classically characterized Na ϩ -dependent neutral amino acid transport system ASC (9). System ASC transports neutral amino acids without bulky or branched side chains such as L-alanine, L-serine, L-threonine, L-cysteine, L-glutamine, and L-asparagine (9) . ASCT2 accepts L-glutamine and L-asparagine, whereas ASCT1 does not transport them (18, 19) . As already mentioned, ASCT1 was reported to be electrogenic (19) , which is in contrast with electroneutral transport of ASCT2. In cultured human fibroblast, amino acid transport via system ASC was electroneutral (40) . System ASC has been postulated to be a heterologous system composed of multi-isoforms (7). In fact, there are several reports that identified system ASC subtypes with different substrate selectivity and inhibitor sensitivity (37, (41) (42) (43) . ASCT2 is closer, in substrate selectivity and inhibition properties, to the original system ASC characterized by Christensen and co-workers in ascites carcinoma cells (9) than ASCT1.
System ASC is thought to be a ubiquitous amino acid transport system, which provides cells with amino acids for cellular metabolism and nutrition (7) . In epithelial tissues, system ASC is thought to exist in basolateral membrane and function to transport amino acids from blood to epithelial cells to nourish epithelial cells (2) . It is assumed that Na ϩ -dependent system B and Na ϩ -independent system L with broad substrate selectivity are responsible for the apical membrane neutral amino acid transport, which is important for the absorption of amino acids from luminal fluid (2, 3) . It is essential to determine the subcellular localization of ASCT2 protein in kidney to address questions on the functional roles of ASC neutral amino acid transport system in epithelial tissues.
A recent sequence data base search revealed that ASCT2 is quite similar to AAAT (94% identity at amino acid level) (30) (see "Results"). The major differences in amino acid sequence between ASCT2 and AAAT lie in the two regions (residues 13-21 and 134 -154: ASCT2 residue number, see Fig. 1 legend) . They can be explained by the frameshifts caused by deletion and insertion of nucleotides. Because of the frameshift, AAAT lacks the third hydrophobic domain (labeled 3 in Fig. 2 ), which is well conserved between family members. Besides, the predicted membrane topology becomes quite different from the other members of the family (30) . The functional properties of AAAT have not been examined extensively yet; however, it was reported that AAAT transiently expressed in preadipocytes induces L-serine uptake and low levels of L-alanine and Lglutamate uptakes, which are dependent on insulin treatment of the cells (30) . The expression of AAAT in mouse was the highest in adipose tissue. The lower expression was detected in lung. Our Northern blot using an ASCT2 probe showed the hybridization signals not only in adipose tissue and lung but also in other tissues such as skeletal muscle, kidney, large intestine, and testis. Although there are some discrepancies in tissue distribution of expression and functional property between ASCT2 and AAAT, considering the high level of nucleotide sequence identity (99% in the cording region, 96% in the 5Ј-untranslated region, and 98% in the 3Ј-untranslated region), it is highly possible that ASCT2 and AAAT are coded by the same gene or, if any, repeated copies of the gene.
In summary, we have isolated a Na ϩ -dependent neutral amino acid transporter ASCT2, which is structurally related to glutamate transporters. ASCT2 transports amino acids without bulky or branched side chains, which is typical of classically characterized neutral amino acid transport system ASC. Compared to the already cloned system ASC isoform ASCT1, ASCT2 exhibits not only different tissue distribution of expression but also distinct substrate selectivity and functional properties, which provide new insights into the mechanisms of substrate binding and transport in the Na ϩ -dependent neutral and acidic amino acid transporter family. This information would facilitate the structure-function analyses based on the comparison of the primary structures of ASCT2 and the other members of the family.
